Cheap, renewable lignocellulosic materials are relevant to the future of biofuel production. Wood and agricultural wastes (e.g. straw, corn stover) provide a raw material source that cannot be used for human consumption, thus biofuels from such sources do not threaten the food supply. The aim of the work was to carry out the pre-treatment and hydrolysis of lignocellulosic material in the same ionic liquid solvent (1-n-butyl-3-methyl-imidazolium-chloride, [Bmim]Cl), using ground wheat straw and a mixture of corn (Zea mays) leaf and stover, as substrates. Our measurements show that it is possible to achieve an acceptable glucose content from the cellulose by applying Cellic® CTec2 and Cellic® HTec2 enzyme complexes.
Introduction
Nowadays, lignocellulosic plant biomass is considered as a renewable and cheap natural source of energy for second-generation alcohol production and a source of other platform compounds [1] . The main components of plant biomass are cellulose, hemicellulose, and lignin, which form a quite complex molecular structure [2] . Among these substances, the glucose content of cellulose is desirable, which can be obtained in an enzymatic hydrolysis process. However, it is a difficult process, since cellulose is barely soluble in water [3] and thus various pre-treatment methods are required. Physical, chemical, physic-chemical, and biological pretreatments can be used [4] , such as steam explosion [5] , dilute and concentrated acids [6] , etc. These techniques may liberate certain inhibitory compounds that are not desirable, because they can significantly hinder enzymatic hydrolysis. Some ionic liquids, on the other hand, are able to dissolve cellulose selectively making it accessible to the enzymes while unwanted components are not formed.
Ionic liquids are salts with low melting points [7, 8] . They are considered as green solvents [9] due to their negligible surface tension. A large number of anions and cations are available in countless variations for forming ionic liquids [10] . The asymmetric organic *Correspondence: gubiczal@almos.uni-pannon.hu cation causes the low melting point, because it reduces the lattice energy in 1-alkyl-3-methyl-imidazolium salts [11] .
According to literature examples [12, 13] , the ionic liquid (IL) formed from 1-butyl-3-methyl-imidazolium chloride salt ([Bmim]Cl) was used to dissolve cellulose. This is the most effective ionic liquid in cellulose pretreatment, but some have found that it could cause the deactivation of the enzymes. Hydrolysis cellulase enzyme complexes can be used including endocellulases, (EC 3.2.1.4), exo-cellulases (EC 3.2.1.91) and cellobiases or β-glucosidases (EC 3.2.1.21).
The aims of this work were i) to study these two key steps (pre-treatment and enzymatic hydrolysis) using pure cellulose, ii) to decide if it is possible to carry out the two steps in the same IL solvent, and iii) to study the processes by using real agricultural waste materials.
Materials and Methods
The ionic liquid 1-butyl-3-methyl-imidazolium chloride ([Bmim]Cl) was provided by Io-Li-Tec (Heilbronn, Germany). The enzymes Celluclast 1.5L, Cellic HTec2, and Cellic CTec2 were supplied by Novozymes (Bagsvaerd, Denmark). A description of the enzyme (mixtures) can be found on the websites of the producers as in the case of the chemicals. Cellic CTec2 is a brown liquid with a density of 1.15 g cm -3 and a slightly fermented odour that contains cellulase (IUB: 3.2.1.4) and xylanase. Cellic HTec2 is a yellow liquid with a density of 1.09 g cm -3 and lightly fermented odour that contains xilanase (endo-1,4 derivative, IUB: 3.2.1.8). The optimal temperature and pH for both enzymes are 45-50 ºC and 5.0-5.5, respectively.
The enzymatic reaction was followed by measuring either the glucose content using a GOD glucose kit (Sigma-Aldrich, Budapest, Hungary) or the reducing sugar concentration by the ortho-toluidine (Sigma-Aldrich) spectrophotometric method (HackLange DR 3800 spectrophotometer). Sodium acetate buffer (pH = 5) was used in the hydrolysis experiments with a mixture of acetic acid from Scharlau (Debrecen, Hungary) and NaOH from Spektrum 3D (Debrecen, Hungary).
Purified cellulose powder (Macherey-Nagel, Düren, Germany), grounded corn leaf and stover (CLS), and wheat straw from local (Veszprém) farmers were used as substrates. The ash contents of the CLS and wheat straw were 7.7% and 7.3%, respectively, while the maximum obtained reducing sugar yield (RD max ) was 44.9% and 29.6% in the cases of CLS and wheat straw, respectively.
For the pre-treatment, a specified amount of lignocellulosic substance was dissolved in 0.5 g of ionic liquid in a glass reactor then mixed slowly (50 rpm) for 10 minutes in a 100 ºC oil bath. Afterwards some buffer and 0.015 cm -3 enzyme preparation were added to the mixture. Then hydrolysis was carried out for 2 hours in a 50 ºC water bath with vigorous mixing (650 rpm). When the hydrolysis finished, the samples were centrifuged in Eppendorf tubes. After that the reducing sugar content was measured using ortho-toluidine.
Results and Discussion
The first set of experiments was carried out using pure cellulose to study the effectiveness of the pre-treatment as well as enzymatic hydrolysis. Then ground corn stover and leaf, and finally wheat straw were used as substrates.
Pure Cellulose
For the pre-treatment, 25 mg of cellulose (5%) was added into 0.5 cm 3 of ionic liquid. Following the description of sample preparation in Ref. [14] , the highly viscous mixture was incubated at 100 ºC for 10 min, and stirred slowly. Pictures were taken under a microscope to follow changes during the pre-treatment. The pictures of the pure cellulose particles dispersed in IL before and after the 10 min pre-treatment are shown in Figs.1-2 . On the basis of these photos, it seems that a 10 min pre-treatment time is enough for the cellulose to dissolve into the IL.
For the hydrolysis acetate buffer (pH = 5) and enzyme were added to the mixture. On the basis of our preliminary experiments 3.5 cm 3 of buffer and 0.015 cm 3 of Cellic CTec2 enzyme seemed to be suitable amounts for the reaction. Since the total amount of the mixture is still quite small, the glucose concentration of only the final sample was determined by using the GOD glucose kit. A reaction time of 2 hours was selected on the basis of preliminary measurements. The glucose content was measured in the reaction mixture right after the pre-treatment as well.
No glucose was found in the pre-treated mixture, but 9.6 mg of glucose was detected in the reaction mixture after the enzymatic hydrolysis, which corresponds to approximately 35% conversion. This indicates that the enzyme was able to function in IL inspite of literature data [15] [16] [17] suggesting that IL may inhibit enzymatic function. Thus, our experiment confirmed that it was possible to carry out the pretreatment and enzymatic hydrolysis in the same IL without needing to separate IL from the reaction mixture before the degradation of cellulose. As follow-up measurements, similar conditions were applied, but the other two enzymes were employed. The glucose content was determined by using the simpler ortho-toluidine reducing sugar method rather than the expensive GOD glucose kit. The results are shown in Table 1 .
It can be seen from Table 1 that the Celluclast 1.5L enzyme was practically ineffective, while the performance of Cellic CTec2 was similar to the Cellic HTec2 enzyme. Hence, it was decided to use the two Cellic enzymes in our further experiments.
In the next set of measurements, a higher substrate concentration of at least 20% was applied, although, according to the literature [10] , the solubility of cellulose in a similar IL is only 5%. However, in industry it is not practical to use excessively diluted cellulose solutions. Cellulose of 0.1 g was added to 0.5 cm 3 of IL (20%) and the mixture was treated as described above. The higher initial substrate concentration caused difficulties in stirring the mixture. Its viscosity was extremely high and the texture was rather tacky. Elevated stirring was necessary for complete mixing.
After the pre-treatment, the mixtures were treated using buffers and enzymes for the hydrolysis. Firstly, the same conditions were applied as earlier, then the amount of buffer was varied from 1 to 7 cm 3 . The corresponding results are shown in Table 2 .
On the basis of data in Table 2 , it was concluded that 1 cm 3 of buffer seems to be insufficient for the hydrolysis. A larger buffer amount, however, does not necessarily result in a higher conversion rate; rather it dilutes the samples considerably. Therefore the 3.5 cm 3 buffer amount was used in further experiments, which corresponds to a 1:7 ratio of IL solution to buffer. This ratio is similar to the literature data found beneficial for the hydrolysis [17] .
The conversion rates of the hydrolysis seem quite high especially in the case of the Cellic CTec2 enzyme (64.5-76.2%), but these results can be attributed to the usage of pure cellulose and the higher activity enzymes developed lately.
Corn Leaf and Stover
After the successful experiments using the model substrate: pure cellulose, measurements using ground corn leaf and stover were carried out applying the conditions found suitable earlier: 0.5 cm 3 IL, 100 ºC, and 10 min pre-treatment time. The initial amounts of the substrate were chosen to be 0.750, 0.100, and 0.125 g corresponding to 15, 20, and 25%, respectively. The process was followed again by taking pictures under a microscope (Figs.3-4) .
The higher initial substrate concentration (25%) also caused difficulties in stirring the mixture, but finally the increased stirring applied was enough to achieve complete mixing. It seems, however, that 25% of substrate poses a physical limit for the process. The pictures proved that the biomass dissolved in the IL during the pre-treatment.
Enzymatic hydrolysis was carried out in the pretreated CLS by adding buffer (3.5 cm 3 ) and either enzymes Cellic CTec2 or Cellic HTec2 (0.015 cm 3 ). After the degradation (2 hours of reaction time) sufficiently high amounts of glucose were found in the Figure 3 . Corn leaf and stover in IL before pretreatment (scale in mm is shown below the picture).
mixture (Table 3) , though these values are lower than the ones in the case of pure cellulose. From the data in Table 3 , it can be seen that both enzymes were able to degrade the cellulose content of the biomass, and a quite high amount of glucose was produced. It seems that the differences between the glucose concentrations obtained are not too high, which means that we are approaching the substrate saturation limit, where increased substrate content does not result in a higher amount of glucose production.
The conversion data obtained in the range of 7.2-14% indicate that the cellulose content of this biomass is rather difficult for the enzyme to access, thus the hydrolysis is less effective than in the case of pure cellulose. The hydrolytic effectiveness of the enzyme Cellic CTec2 was similar to that of Cellic HTec2.
Wheat Straw
In the final set of experiments, wheat straw was ground and processed in a similar way to other sources used as a substrate in the experiments by applying similar conditions as mentioned earlier. The initial substrate concentration was 25%, which means that 0.125 g of wheat straw was added to 0.5 cm 3 of IL. The results are summarized in Table 4 . It can be seen that it is possible to carry out the bioconversion processes using wheat straw as a substrate, but the conversion rate is even lower than for in the case of CLS.
Conclusion
It can be stated that the pre-treatment and enzymatic hydrolysis of the cellulose content of various types of plant biomass can be carried out using the same ionic liquid, 1-butyl-3-methyl-imidazolium-chloride. Our experiments have proven that acceptable conversion rates could be achieved. Thus, this technique is considered as a chemically feasible approach for the utilisation of the cellulose content of agricultural waste materials for energetic and other purposes. 
